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Liddle’s syndrome: A novel mouse Nedd4 isoform regulates the in the genes encoding either  or ENaC cause the dele-
activity of the epithelial Na channel. The epithelial Na channel tion/modification of the corresponding PY motif [6–11].
(ENaC), which plays an essential role in renal Na handling, Recently, using the yeast two-hybrid system and in vitrois composed of three subunits (), each containing a con-
binding experiments we have shown that a rat ubiquitin-served PY motif at the C terminus. In Liddle’s syndrome, an
protein ligase Nedd4 (rNedd4; neuronal precursor cellinherited form of salt-sensitive hypertension, the PY motifs of
either  or ENaC are deleted or modified. We have recently developmentally down-regulated [12]), which contains
shown that a ubiquitin-protein ligase Nedd4 binds via its WW one C2 (Ca2-dependent lipid binding) domain, three WW
domains to these PY motifs on ENaC, that ENaC is regulated (protein–protein interaction) domains, and one HECTby ubiquitination, and that Xenopus laevis Nedd4 (xNedd4)
(homologous to E6-AP-carboxyterminal ubiquitin-proteincontrols the cell surface pool of ENaC when coexpressed in
ligase) domain, binds via its WW domains to the PYXenopus oocytes. Interestingly, Na transporting cells, derived
from mouse cortical collecting duct, express two different motifs on ENaC [13]. The interaction of ENaC with
Nedd4 isoforms, which we have termed mNedd4-1 and the ubiquitin-protein ligase suggested ubiquitination as
mNedd4-2. Only mNedd4-2, which is orthologous to xNedd4,
a possible mechanism of ENaC regulation. We indeedbut not mNedd4-1, is able to regulate ENaC activity, and this
demonstrated that rat ENaC (rENaC) is a protein withproperty correlates with the capability to bind to the ENaC
complex. Hence, Nedd4-2 may be encoded by a novel suscepti- a short half-life (T1⁄2  1 hour), which is regulated by
bility gene for arterial hypertension. ubiquitination [14]. Moreover, we and others have found
that Nedd4 is able to regulate ENaC activity, when coex-
pressed in oocytes, by controlling the number of channels
The epithelial Na channel (ENaC), located at the at the cell surface [15–17]. However, although Xenopus
apical membrane of highly resistant, Na-transporting Nedd4 (xNedd4) does regulate ENaC in Xenopus oo-
epithelia of the kidney, colon, and lung, plays an essential cytes, we were not able to demonstrate such regulation
role in the control of Na balance, blood volume, and by rNedd4. This prompted us to look for other mamma-
blood pressure [1]. It is composed of three homologous lian Nedd4 proteins that are more relevant for ENaC
subunits (), each comprising two transmembrane do- regulation.
mains, a large extracellular loop, and short cytoplasmic
N and C termini [2]. Each subunit contains at its C
IDENTIFICATION OF A NOVEL MOUSEterminus a conserved PY motif (xPPxY), which may act
Nedd4 ISOFORMas a binding partner for WW domains [3]. The impor-
tance of ENaC in controlling blood pressure is under- Nedd4, originally cloned as a gene that is developmen-
lined by its genetic association with two diseases, namely tally down-regulated in mouse brain [12], represents the
pseudohypoaldosteronism type I [4] and Liddle’s syn- prototype for a larger protein family, the emerging Nedd4/
drome [5]. The latter is an autosomal dominant form Nedd4-like family of ubiquitin-protein ligases [18, 19].
of human hypertension characterized by early onset of All members of the Nedd4/Nedd4-like family possess a
severe hypertension, hypokalemia, metabolic alkalosis, similar molecular organization: normally an N-terminal
and low plasma levels of renin and aldosterone. In all C2 domain, two to four WW domains, and a C-terminal
cases of Liddle’s syndrome mapped to date, mutations HECT domain (Fig. 1A). The number of WW domains,
which are crucial for substrate recognition and which
we expected to be highly conserved between species,Key words: hypertension, ENaC, ubiquitin-protein ligase, phylogenet-
ics, sodium handling, blood pressure, pseudohypoaldosteronism. surprisingly are different in the Nedd4 proteins cloned
to date; there are four WW domains in Xenopus laevis 2001 by the International Society of Nephrology
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and humans and only three in rats and mice. This led us mNedd4-2, BUT NOT mNedd4-1, IS A
REGULATOR OF RAT ENaC INto the hypothesis that other, not yet recognized, mamma-
XENOPUS OOCYTESlian Nedd4 isoforms (paralogues) exist. Indeed, based
on sequence information available from the mouse ex- We were particularly interested in testing whether the
pressed sequence tags (EST) GenBank database, we two mNedd4 isoforms are functionally redundant in reg-
cloned two mouse Nedd4 isoforms from a mouse cell ulating ENaC activity. Either the wild-type mNedd4-1
line (mpkCCDc14), which was derived from the cortical (mNedd4-1; Fig. 2A) or its catalytically inactive mutant,
collecting duct [20, 21]. One isoform is identical to the in which the essential cysteine in the HECT-domain was
originally identified Nedd4 [12], which we propose to mutated to serine (mNedd4-1CS), were expressed to-
name mNedd4-1, whereas the other, herein referred to gether with rENaC in Xenopus oocytes. When measuring
as mNedd4-2, is characterized by a higher sequence iden- amiloride-sensitive Na currents by the two-electrode volt-
tity to xNedd4 [22]. Both isoforms contain homologues in age-clamp technique, in analogy to rNedd4-1, mNedd4-1
human (the gene products of KIAA0093 and KIAA0439, had only minor effects on rENaC activity (mNedd4-1 or
which we propose to name in analogy, hNedd4-1 and mNedd4-1CS; Fig. 2A). On the other hand, wild-type
mNedd4-2 was able to abrogate rENaC activity as com-hNedd4-2, respectively; Fig. 1). Whereas mNedd4-1 con-
pared with control oocytes, whereas the catalytically in-tains one N-terminal C2, three WW, and one HECT-
active mNedd4-2 (mNedd4-2CS) mutant increased thisubiquitin protein ligase domain, mNedd4-2 contains four
activity by more than twofold, likely by competing en-WW and one HECT, yet lacks a C2 domain (Fig. 1A).
dogenous xNedd4 (mNedd4-2 or mNedd4-2CS; Fig. 2A).Three of these WW domains are highly conserved among
Nedd4 isoforms, whereas the third, additional WW do-
main in mNedd4-2 is identical to the ones in xNedd4 and mNedd4-2, BUT NOT mNedd4-1, BINDS TO rENaC
in hNedd4-2. When performing a phylogenetic analysis IN XENOPUS OOCYTES
(Fig. 1B), the two Nedd4 isoforms clustered in two
To understand why Nedd4-1 was unable to regulateclades, characterizing them as close Nedd4 paralogues,
rENaC, the capacity of the mNedd4-1 and mNedd4-2clearly distinct from the other Nedd4-like proteins. The
proteins to bind to rENaC was tested. Consequently, co-
branching pattern and the taxonomic composition of
immunoprecipitation experiments were performed by co-
each clade suggest a duplication event early in vertebrate
expressing rENaC with mNedd4-1 or mNedd4-2 in Xeno-
evolution prior to amphibian and mammalian diversifi- pus oocytes. Interestingly, mNedd4-2, but not mNedd4-1,
cation. Based on these data, we speculate that Nedd4-1 coimmunoprecipitated with rENaC (Fig. 2B, compare
and Nedd4-2 orthologues will be found in all mammals. lanes 5 and 6, top and medium panel). We conclude that
mNedd4-1 does not have the potential to regulate rENaC
directly because it does not bind to the channel complexEXPRESSION OF mNedd4-2 IN DIFFERENT
when coexpressed in Xenopus oocytes.TISSUES AND IN mpkCCDc14 CELLS
Northern blot analysis showed that a 3.8 kb mNedd4-2
mRNA is abundant in liver and kidney, to a lesser extent EACH ENaC PY MOTIF AND THE mNedd4-2
in heart, brain, lung, and is barely detectable in spleen, WW DOMAINS 3 AND 4 ARE INVOLVED
skeletal muscle, and testis [21]. The size and tissue distri- IN THE INTERACTION BETWEEN
rENaC AND mNedd4-2bution of mNedd4-2 mRNA are different from mNedd4-1,
which is ubiquitous and has a size of approximately All three ENaC subunits have PY motifs in their
6.0 kb. In the cortical collecting duct, both isoforms are C-terminal tail. However, to date, all of the identified
expressed within the same cells, since they were cloned mutations causing Liddle’s syndrome either delete or
by reverse transcription-polymerase chain reaction (RT- mutate the PY motif on  or ENaC, whereas no such
PCR) from cultured mouse mpkCCDc14 cells. This was mutations have been reported on ENaC. To determine
also confirmed at the protein level: By immunoblot anal- how the different PY motifs on the three rENaC subunits
ysis of mpkCCDc14 lysates using anti-Nedd4 antibodies, contribute to the binding to mNedd4-2, the tyrosine resi-
two proteins were recognized with apparent molecular dues in each PY motif were mutated, thereby abolishing
weights of 115 and 105 kD, which migrate at the same the interaction with WW domains. Analyzing the effect
size as the cloned mNedd4-1 and mNedd4-2, respec- of such mutations on mNedd4-2–dependent ENaC regu-
tively, when expressed in Xenopus oocytes. Moreover, lation, the inhibitory effect of mNedd4-2 was progres-
by two-dimensional electrophoresis followed by Western sively lost as the number of mutated PY motifs increased.
blotting with anti-Nedd4 antibodies, the identity of both Moreover, while mutating all PY motifs caused a com-
mNedd4-1 and mNedd4-2 in mpkCCDc14 cells was con- plete loss of mNedd4-2/rENaC interaction and of the
suppressing effect of mNedd4-2 on ENaC, the presencefirmed [21].
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Fig. 1. Nedd4 isoforms are part of the Nedd4/
Nedd4-like protein family. (A) Schematic rep-
resentation of the proteins of the Nedd4/
Nedd4-like protein family. ?, The presence of
a C2 domain in hNedd4-2 is uncertain. The
sequence of Drosophila Nedd4 predicts a sig-
nal sequence at the N terminus. The accession
numbers of the protein sequences are indi-
cated to the left.
of any single PY motif was sufficient for an interaction cated form of mNedd4-2, which had the first two WW
domains deleted and which proved to be as effectivewith ENaC and for yielding an effect of mNedd4-2 on
as wild-type mNedd4-2 in regulating rENaC (mNedd4-rENaC currents [21]. We also individually mutated the
2N; Fig. 2A).second conserved tryptophan to phenylalanine in each
WW domain of xNedd4 and the conserved proline into
alanine, mutations, which have been shown to abolish
SUMMARYbinding to PY motifs [23]. These mutant xNedd4 proteins
were then coexpressed in Xenopus oocytes, and their The major finding of the presented work is that at
effect on rENaC activity was analyzed. The WW domains least two mouse Nedd4 paralogues (mNedd4-1 and
3 and 4, but not 1 and 2, were required for the interaction mNedd4-2) coexist in cells derived from the cortical col-
lecting duct; only one of them, mNedd4-2, binds to andwith rENaC. This was further corroborated with a trun-
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Fig. 1 (Continued). (B) Phylogenetic analy-
ses of Nedd4 and Nedd4-like proteins. To ra-
tionalize the sequence divergence between the
different Nedd4 proteins (Nedd4-1/2) within
a phylogenetic framework, we aligned their
protein sequences with more distantly related
Nedd4-like proteins [19]. Three hundred sixty-
three unambiguously aligned positions were
used for tree inference with distance, parsi-
mony, and maximum likelihood methods
[25, 26]. All methods recovered a clade com-
posed of the Nedd4 paralogues (Nedd4-1 and
Nedd4-2) with maximum bootstrap support
values (100%). The split between Nedd4-1
and Nedd4-2 sequences and the basal position
of the Drosophila Nedd4 (dNedd4) sequence
were also supported with maximum/high sup-
port values. The shown tree (and bootstrap
values) corresponds to the ML analysis. It was
rooted on the h-KIAA0322 sequence based
on the sequence features of the compared se-
quences (overall sequence length, similarity,
and domain composition). Hence, the Nedd4
sequences were considered to have a uniquely
shared common ancestor (they are monophy-
letic). The scale bar represents 10 estimated
changes per 100 sites.
controls the surface expression of rENaC by ubiquitina- former binds to target proteins other than ENaC (Fig.
tion of the channel. Interestingly, the two proteins show 3). mNedd4-2 on the other side will bind via its WW
a slightly different molecular organization. Whereas domains 3 and 4 to the PY-motifs of ENaC, ubiquitinate
mNedd4-1, the original Nedd4 protein described [12], - and ENaC, which will lead to the dissociation from
contains one C2, three WW, and one HECT domain, Nedd4-2 and internalization of the ENaC complex. The
mNedd4-2 has no C2, but four WW and one HECT do- internalized complex may then be deubiquitinated and
main. The absence of a C2 domain in mNedd4-2 suggests then either be degraded by the lysosomal system or recy-
that mNedd4-2 is not involved in the calcium-dependent cle to the plasma membrane (Fig. 3).
regulation of ENaC [24]. As can be seen in Figure 1, the Our data have important consequences for the under-
two Nedd4 paralogues are close members of a protein standing of Liddle’s syndrome. Until now, all identified
family, the Nedd4/Nedd4-like ubiquitin-protein ligases
mutations found in Liddle’s patients have been located
[18], for most of which the function is not well under-
on the genes encoding  or ENaC and cause the dele-stood. Our finding that only mNedd4-2, but not mNedd4-1,
tion or mutation of the corresponding PY motifs. It isbinds to and regulates ENaC shows that there is substrate
likely, however, that similar mutations also exist on E-selectivity difference even between close family mem-
NaC or on Nedd4-2. In the case of Nedd4, recent effortsbers. We do not know the basis of this specificity; it may
to link mutations with blood pressure variation havebe the nature, number, or the arrangement of the WW
focused on the gene encoding the classical hNedd4-1 (lo-domains, the presence or absence of the C2 domain,
cated on chromosome 15), but in the future, it will be assterical hindrance, or cofactors such as E2 enzymes. In
important to search for mutations in the gene encodingthis context, it is noteworthy that human Nedd4-1, in
hNedd4-2, which is located on chromosome 18.contrast to rat and mouse Nedd4-1, contains four WW
domains. Therefore, it will be important to determine
whether hNedd4-1 regulates ENaC. The observation that ACKNOWLEDGMENTS
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Fig. 2. Mouse Nedd4-2 (mNedd4-2, but not
mNedd4-1, regulates rat epithelial sodium chan-
nel (rENaC) by binding to the channel complex
in the Xenopus oocytes. (A) Oocytes were in-
jected with cRNA encoding rENaC, either
alone (rENaC/H2O) or with cRNA for mNedd4-1
(rENaC/mNedd4-1), its catalytically inactive
mutant (rENaC/mNedd4-1CS), mNedd4-2
(rENaC/mNedd4-2), or the mNedd4-2 mutant
(rENaC/mNedd4-2CS), or with an amino ter-
minally truncated form of mNedd4-2 (rENaC/
mNedd4-2N), comprising WW domain 3 and 4
and the HECT domain), and amiloride-sensitive
Na currents (INa) were measured by the two-
electrode voltage-clamp method. The measured
currents are normalized to control oocytes. (B)
Oocytes were injected with cRNA encoding
either nonflagged (lanes 1 through 3) or flagged
(lanes 4 through 6) rENaC, either alone (lanes
1 and 4) or together with mNedd4-1 (lane 2
and 5) or mNedd4-2 (lanes 3 and 6). Oocytes
were labeled overnight with [35S]-methionine
and homogenized. A membrane fraction was
solubilized, and immunoprecipitation was per-
formed with anti-FLAG antibody. The immu-
noprecipitated proteins were analyzed by auto-
radiography (top panel) or Western blotting
with anti-Nedd4 antibody (middle panel). Ali-
quots from the homogenate analyzed by immu-
noblotting show that mNedd4-1 and mNedd4-2
were properly expressed (bottom panel) (from
[21], with permission of the FASEB J).
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